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DESIGN OF A FAST-PIATE GENERATOR DRIVING PIASMA FMU SWITCH*

R.S. Caird and J.H. Cofo=th
Los Alamo- National kboratory, Los Alamos, NH

P.J. Turchi
R&D Asaociatam, Almxandrla, VA

INTRODUCTION

Over the last Sifteen years, there has been continuing interest in
the use of magnetic flux comproasion generators to drive plasma implosion
loadsl-3. Studies of fast plate-typo generators couplad to cylindrical
foil-plasma discharges in z-pinch geomstry indicated chat oparation in the
few microsecond time regima (gerwator tima -implosion tha) might be
Successful. Later experiments and two-dimensional NHD calculations
demonstrated thst penetration of the ●ffects of cold, nonmoving boundaries
into the plasma implosion, combined with Rayleigh-Taylor instability,
pravants practical ●ttainment of ❑icrosecond implosions of cylindrical
plasmas (a few cm or less in axial ●xtent). Use of longor plasmas ●rid/or
shorter implosion times, however, implias higher affective driving voltages
and shorter currmt risetimos at the load. Sinca axplosivmly-driven plate
generators may already reprasant tho limit of generator porformancs in
terms of apaad, It is tharofore necessary to include ●n intormadiata stage
of powor conditioning betwaan microsecond ganarators ●nd submicrosacond
implosion loads. The prosant paper discussas coupling the plasma flow
switch4’5 to ● fast plate generator in ordsr to ●ccumulate magmtic energy
in vacuum on a f-w microsecond timascals ●nd than ralsase thin anorgy
rapidly to ● submicrosecond implosion load.

SYSTW ANALYSIS

To ●xamino the system behavior of a faat-plato gonarator driving ●

plasma flow switch/inductido ●tom, it Is useful to ●mploy ● simpla lumped-
circuit modal. Such ● modal can indicata rho relationships botwaon gonsra-
tor and switch paratars ●nd sug,pst raasonabla combinations of circuit
valuas to ●chieve ●ttractive ●x~rimsncal teata. For ths prasont discus-
sion, the mod-l will iurthar idoalizm system oporation by ●ssuming comtant
noriss reaistanca, constant plasma =ss, and simple, linaar relationships of
inductance with displacsmsnt for both tho gmarator ●nd plasma gun.

Ths circuit current ia givan by:

~[(Lg+k+Lt + La)J] - -RI

Whcra J ia tha circuit currant, Lg ●nd La aro tho inductances of tha
gonorator ●nd switch, respoctivoly, ●s swept by thair soving conductors,
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~ is the mink (rosi&ul) titamco of the gasnrator, * ~ is the
itMuctanco be-an tb prator - initial titch @u8e pooitlom. The
generator aid awitcb i*sos ua urittan u:

whero h is the generator plato gap and x is the pl~ displacmt.
With the sams constant in&ctanca gradiontm, tb generator (negativa)
fqmlance is 28- Fg u - the switch dylU=iC iqedarm is Z. - F ~,
wlmro Ug and us ●ro th~ plato cloauro emd -Itch plaau spaod romd Ctivaly.
l’hesespmle ●re given in tome of circuit currant J md US-OS ~ and H,
by:

2s .-:
dt ) %.‘J2, dt

()

;>J2

‘s 8

The instantaneous values of generator gap and plasma
determined by:

g- .Ug ,

The following normalized variables
relations

generator gap: ~-h/h. ,

plasma displacement: a - x/h. ,

current: ~ - J/J. ,

displacement ●re then

are useful to obtain scaling

closure speed:
*I3- ug/ugCJ

plasma speed: u - U/ugo

tima: e - Ugomo

The resulting differential equations ●re than:

h=
-U)g ,

da
dg de-u

where five new dimensionless parameters occur:

~.& ,A. ws ,B. + ()
J2

+ !f”+ ,m- !!8

Fgugo Lgo s ‘6 “

The normalized initial conditions ara for 8 - 0: j - 1, ~ - 1, U - 1,
a-O, sndfJ-0, With thame conditions, the plasma speed ●nd di~placement
●re given by

w. ql -~) , ●nd a= ~(e-l+rl)
❑ ■

and the ●et of differential,●quations can be reduced to:

a
dfl- ##~2’=)-‘r+‘2’”)“- f /m) + 11(1 + fz/m) + OfA/m
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l’ho systam bahavior thus &panda on
rasistuuo r and ●tatic inductance

only four parameters, tho no-lized
k,B- (half) tho ralativa initial

magnetic ●nargy yR platt enargy,
involvas tha ralativo inductance
conductor mass, ■ .

In Fig. 1, 2, 3,the results
sot of ●quationa ●re displayed.

aI@ P - f2/m, ~ dynamic paramtor that
gradient f and tho rolativo moving

of a numarlcal integration of the raducod
‘fhanorulizod currmnt is obsarv~d to rlsa.-

rapidly in tho usual manmr as the gonarator platoa C1OSO. The kinetic
●nargy of the plates is convortad to magnatic enargy ●nd plasma kinatic
enargy (and ●lso resistiva heat), and tha switch plasma ●ccolsratas to a
significant multiplo ~f th plate closurs speed. For other sets of para-
mater valuas, the current can peak beforo closure is complote. (Th8
gena?ator platas decalorato enough for the gsnarator impdance to bocoma
less than the sum of plasma dynamic imp-dance and sorias resistance).

Paramatar ●uweym dirnplayodin Figm. 4-15 provide variatiorm of peak
currant ●nd tha corresponding values of ●fficiancy (alactromagnatic enargy
dividad by total initial ●nargy), ●nd plasma speed. The range of normalized
parameter values covar reasonable ●booluta values of generator and switch
conditions. For exampla, a closur- speed of 4 ka/s, which is characteristic
of singlo plats motion, with ● normalized plasma speed w - 17,5, provides an
actual plasma speed of 70 km/s, which is typical of experimental operation
for plasma flow switching, With ●fficiencies in the range of 30t, a
significant fraction of tha generator plata kinetic energy could then bo
rapidly relmasad to tha implosion load,

SAMPLE SYSTEM CALCULATION

As ●n exampls of ● systam baaed orIthe prosont idaalizad ❑odol,
suppose that two rectangular plato gsn~rators each +0 cm long by 10 cm wide
●ro used in parallel to drivo ● plasma flow switch/inductivo stora. For a
genarator plata of ●luminum, J MS thick, tho plata speed will be about
4 k@B. An initial gap of 3 cm would than provido a total ganarator run
tima of ●bout 8 I.IS,which should not be too long for plasma flow switch
oparationo TIM total plata kinatic ●nargy (with only two moving plates) is
5,18 ?4J. Ignoring the details of current dansity and field distribution
in tha finito (10:3) width-to-gap geomatry, the initial inductance mf the
ganarstor pair is ●bout 75.4 nN,

Tha peak currant is givan by

()

h

J-j(B)@~
Lgo

17MA for B-O.05 (P- 1.2, ~-0,1, r- ,07).

Tho paak wgnatic fiald on ●ach plato is than about on. magagausa, whioh i-
a roasonabla limft for practical operation at tha prssm~ laval of dasign
dimouamion, Not@ that if two-aided sap cloauro is cmployad, ths gonarator
impdanco is improvad but ths psak fiald is ovor 2 W, for which ●ny
improvsmants bassd on tho ldaalizod ●nalysis would b. auspact.
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With the lower clocurc ●pcod, the proscmt pu-tcra provldc a pluM
●pcod of 70 ~s ad ● pub mapaotic cnargy (juct prior to plcam flaw

switch ●ction) of 2.16 W . Tbc total circuit inductumco at the tin of
switching is 14.0 N, ~ilo the ib~o chamgo csmciatcd with ● 10:1
rcdial collapse of ● 4 cm long plccmc shell is 18.4 nlI. Ideally, the
implosion kinetic ●ncrgy will than bc ●bout onc mcgajoulo. Systu values
●re ●aarizod in Tablo 1.

Tho nccassary initial current is J/j(0) - 3.7 MAin m i~tial i*-
tcnca of 83 ntl. This current my b. obtcincd by wing cn inductive opening
switch to sharpen the output of a 2.4 Ml, 20 kV capccitor bank. If tho
opt- inductor-to-inductor trancfor is accqlishod roaistivcly, tho peck
bank current will bc 7.6 MA prior to switching cnd half thct value ●ftor-
wardc, thuc providing tho dcmirod initial condition. For ● cmctcnt
transfer rasistcnca value of 21 mfl,tho trancfor time would bc 1.s. then
2 IJsand tho trcncfor voltage would bo cbout 160 kV. During tha trcnsfar
tim, plasmc twitch motion should roquira only ● ●inor correction to tho
present calculations. Rcdiation from tho plasmc switch would nacosoitate
baffling tha vacuum-plastic insulator interface. Tho inductcnco of such
baffling could bs crowbarrod out of tho circuit so it doss not dlminiah the
ralativo change of circuit inductance during generatoroporation or load
implosion, A mcjor attraction of ● plata-genarator drivan plasmc flow
switch/inductive store is the possiblitity of eliminating tho vacuum-plastic
interface between tha mcgnctic ●nergy store and the impiosion load.

A simple extrapolation of system ●nargies by ●n order of magnitude can
ba ●ccomplished for the sams values of normclizad paramctors ●s in Table I
by increasing the numlxr of genorasors by a factor of 3 ●nd tho length of
each ganarator by 10/3, All the inductancoa and hpa&ncas remcin ●bout the
scme, so tho initial plata snargy of 51.G Ml would result in 21.6 NJ of
magnetic ●nargy ●nd ● plaamc implosion energy pm unit length of 2-3 KJ/cm.
The peak currmt is 54 IIA, so tha initial currant is ●lmost 12 HA, which
would roquira ● now source, such ●s ● soparata ●xplosivo ganorator (with
inductiva opening switch to ●chiova ● short input rlsati-). h ●ttractive
alternctiva to six rectangular plate gencratora in parallel would b. ●

singlt cocxial plato ganorator with simultaneous centorlina dctonction. The
ovarall length ●nd diamctor oi this gonorator eouplod to the plaamc flow
switch/inductive store would be roughly 1.5 ❑ ●nd 0.3 m, raspectivaly.



Table I. Summary of Sample System Values

6-0.05, P - 1.2, f -0.02, m - 3.33 x 10-4, A -0.1, r -0.07

Lgo - 75.4 nH

ho-3cm

Ugo - 4 km/B

~go - 0.65 kg

Ego - 5.18 ru

Derived MLLWIAS Vahu

EB - 2.4 HJ

VB - 20 kV

L1 - 83 d

Tt-2~S

Rt - 21 mfl

v~ - 160 kv

Additional Inductance - 7.5 nH

Allowabla Resistance - 0.7 m~

Generator Runtime -8PS

Plasma Speed - 70 km/s

Plasma Mass - 216 ❑g

Peak Magnetic Energy - 2.16MJ

Switch Radius Ratio - 1.29

Switch Langth - 14.6 cm

Implosion Radius Ratio - 10:1

Implosion Langth -4cm

Implosion Energy - lMJ

Peak Current -171’fA

Initial Current -3,7MA
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3..

4.

5.

6.

7.

8.

9.

10.

11.

12,

:.3.

14.

15.

Normalized current j = J/J. M ncmmalizcd time ~ - u#&. (Al~o,
normalized gmerator gap rl - h/t@.

Normalized plate kinetic Eg, magnetic ~, and ewitch Plasma kinetic
●nergy B-, (all relative to initial go~rator kinetic ●argy) ~

no-lizod t- e -Ugotm”

Normalized zwitch plame speed w and Sap C1OSUO ●paed w~ (both
relative to initial closure speed) M normalized time e - ugotfio ■

Peak normalized current j yS dynamic parameter P (r- 0.07, ~ - 0.1,
B - 0.05).

14agnaticenergy efficiency at peak currant u P (r- 0.07, ~ - 0.1,
s - 0.05).

Switch plasma speed at peak current u P (r- 0.07, ~ - 0.1, ~ - 0.05).

Peak normalized current j M ener~ parameter B. (P - 1.2, r - 0.07,
A - 0.1;.

Magnetic energy efficiency at peak current u 6. (P - 1.2, r - 0 07,
A - 0.1).

Switch plasma speed at Feak current u 6. (P - 1.2, r - 0.07, ~ - 0.1,
f- 0.02).

Peak normalized current j u normalized resistance r (P - 1.2, A - 0.1,

B - 0.05),

Magnetic energy efficiency at peak current u r (P - 1.2, A - 0,1,
~ - 0.05).

Switch plasma speed at peak current u r (P - 1.2, ~ - 0,1, S - 0.05,
f - 0.02).

Peak normalized current j YE relative additional inductance (P - 1,2,
r -0.07, ~- 0.05),

Magnetic energy efficiency at peak current M (P - 1,2, r - 0.07,

B - 0.05).

Switch plasma speed at peak currant w (P - 1.2, r - 0.07, f3- 0.05,
f -0.02).
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